Aquaponics is the system combining hydroponic and aquaculture, in which fish and plants are raised together, and they can be beneficial from each other as well as to each other. When the system is maintained properly and is in a balance status, aquaponics will mimic the natural ecosystem, use much less water than traditional aquaculture, and have almost no effluent. As a result, it is thought more environmentally friendly and sustainable. In this study, both Life Cycle Assessment (LCA) and Techno-Economic Analysis (TEA) of a tilapia and basil aquaponic system were conducted. Three scales, including a truly running system, pilot scale, and commercial scale of aquaponics were considered and analyzed. This study provided environmental impacts and profitability for operating aquaponics in the Midwest of U.S. It also showed that the operating scale and basil price had obvious effect on profits. When the scale was large enough, such as with the grow bed area of 75.6 m 2 and when the basil price equals to or is great than $60/kg, operating aquaponics was profitable.
together, and is considered as a mutually beneficial system (Love et al, 2014) . Hydroponic crop production is a technology that plant roots grow in nutrient solution instead of soil, with or without other mechanical support (Jensen, 1997) . Due to the non-soil culture of plants, aquaponics on some extent involves much less pathogens than traditional agriculture (Lacheta et al, 2010) . The aquatic waste can be used as fertilizer for plants, and biofilters can remove other toxic components to maintain proper living environment for fish. When the system is maintained properly and in a balanced status, aquaponics will mimic the natural ecosystem, use much less water than traditional aquaculture, and have minimal effluent, as a result, it is thought environmental friendly and as a sustainable agriculture (Blidariu and Grozea, 2011) . For developing countries with limited fresh water, aquaponics has the potential to provide protein and vegetables in a sustainable way (Nichols and Savidov, 2012) .
The operation of aquaponic systems provides the possibility and opportunity to produce fresh food in the backyard and building roof, which means urban people have more chance to consume local food. While some hobbyist operate small scale aquaponics outdoors, such as in the backyard or on the building roof, most commercial aquaponics operators, however, choose greenhouse or other indoor facility to control the environment (Licamele, 2009) , in order to maintain food quality and safety, as well as to pursue maximum production yield, especially in areas with cold air temperatures. Greenhouse overcomes the short growing season in cold area; also it increases plant yield using supplementary light (Hamamoto and Yamazaki, 2011) .
Although aquaponics is not a new technology, the popularity and development are still in their early age. According to a survey conducted by Love et al. in 2013 , the median year for aquaponics operators began their practice is in 2010 and a large proportion of workers are volunteers and part-time workers (Love et al, 2015) . The survey also reported that most operators design aquaponic systems by themselves rather than hiring specific engineer or consultant, which indicated there were large knowledge gaps for public and the increasing popularity of aquaponics may have large potential for creating job opportunities.
In terms of plant culture in aquaponics, there are various methods and media for plant support and production, and rafts are the most typical one (Love et al., 2015) . Rafts are polystyrene or other synthetic aromatic polymer material which can float on the top of water. When used in aquaponics, according to the type of the plant, holes with different diameters and spacing will be made in the raft. The plants will be placed in net pots and the net pots will be inserted into the holes in the raft. Other common methods include media beds, which use clay pebbles or expanded shale to support plants; wicking beds, which use natural absorptive media such as coconut coir instead of other typical materials in media beds; nutrient film technique (NFT) is a system that shallow water with all the nutrients required by plants go through plant roots in a channel; vertical towers are facilities where plants are set in a vertical system and water is pumped at intervals to go through the roots; dutch buckets are another type of plant container filled with soilless media, and water with nutrients floods the system periodically (Love et al., 2015) . According to the survey conducted by Love et al. in 2013 , almost 70% of aquaponics operators chose two or more methods during the plant production (Love et al., 2015) . Tilapia (Oreochromis niloticus) and basil (Ocimum basilicum) are the two species that most operators chose in their aquaponics (Love et al, 2015) , which can be considered as model species for aquaponics. Originally coming from Africa, the hardy tilapia are fast growing tropical fish, and now are raised in the U.S. in both outdoor and indoor environments (AGMRC, 2014) . Tilapia is thought to be the model species for aquaponics due to several reasons. The most important reason is the popularity and market potential. According to the national fishery institute, tilapia was reported to become the fourth popular sea food in the United States in 2012 (NFI, 2012) . The other reason of widely raised by aquaponics operators is that they have the ability of surviving in poor water quality so they are easy to deal with in tanks or ponds; besides, they have the potential to grow to high density in confinement (Popma et al, 1996) . Other commonly raised fish include ornamental fish and catfish. Basil is a model aquaponics plants because it grows fast and it is resistant to insects, another more important reason is that it can be cultivated in a 28 days circle from transplanting to harvest (Rakocy, 2004) , so it is convenient to do seeding, transplanting and harvesting. Besides, basil has the relatively higher retail prices than other crops, which makes it have the potential to make profit. Salad greens, other herbs except basil, tomato, and head lettuce are other popular plants (Love et al., 2015) .
Originally arising from the mid of 1970s, aquaponics was first introduced to recirculating aquaculture systems using plants to help maintain water quality in fish culture (Lewis et al., 1978) . How to maintain water quality is an inevitable problem when operating aquaponics and ammonia level is a major concern. Fish excrete ammonia, which is a metabolic product, through their gills and urine (Sace and Fitzsimmons, 2013) . When Ammonia is accumulated to the level of above 0.05 mg/L, it is thought to be toxic for most fish (EDIS, 2012) . During the aquaponics cycle, the process of nitrification is the conversion of ammonia to nitrite, and then to nitrate. The two groups of bacteria for fulfilling these two steps are Nitrosomonas and Nitrobacter (Rakocy 2006) . While nitrite is toxic to fish, nitrate is considered non-toxic and can be utilized by plants as nutrient. pH is another daily monitoring indicator when operating aquaponics, and the suggested water pH to optimize nitrification is 7.5-8.0 (Tyson et al, 2011) . Other concerned water quality items include alkalinity, chloride, hardness, CO2, and temperature.
There were some studies on aquaponics operation and mechanism, but most of them focus on research scale (Rakocy et al., 2006; . Some researches focused on the conversion from fish waste to nutrients and the utilization of nutrients. Villarroel et al. (2011) conducted a study of integrating fish feeding rates and ion waste production for strawberry tilapia aquaponics. Blidariu and Grozea (2011) suggested that the selection of plant species should be adapted to the fish stocking density and subsequent nutrient concentration: Herbs, lettuce and other greens, which have relatively low nutrient requirement compared with other plants, are more suitable to grow in aquaponics. Graber and Junge proved that a special design of trickling filters, which was called lightexpanded clay aggregate (LECA), was able to prompt nutrient recycling in aquaponics (Graber and Junge, 2009) . It was reported that most of the nutrients would be sufficient in the aquaculture effluent when ratio of daily feed input and plant growing area is maintained well (Rakocy et al., 2003) . In the commercial-scale tilapia and basil aquaponics operated by the University of Virgin Island (UVI), those nutrients that need to be supplemented to batch cultured basil are calcium, potassium, and iron, and no nutrient needs to be supplemented to staggered production (Rakocy et al., 2004) . It was considered that the nutrient demands of different age plants could counterbalance for each other.
Recently, researches mainly focused on how to optimize aquaponics operation. The study conducted by Petrea et al. in 2013 concluded that the nitrite and nitrate content of spinach could be affected by plant density, and they also stated that spinach-trout aquaponics met food safety requirement (Petrea et al., 2013) . Some studies focused on the hydraulic loading rate and plant ratio (Endut et al, 2010) ; while others focused on calcium and phosphorous dynamic (Petrea et al, 2014) . A study conducted by Liang and Chien in 2013 suggested that increasing feeding frequency and extending photo period would increase fish and plant yield, and decrease water nitrogen and phosphorus accumulation ( Liang and Chien, 2013) . It was also reported that the introduction of freshwater prawn to vegetable tilapia aquaponics increased system stability, diversity and yield (Sace and Fitzsimmons, 2013 ).
There were a handful studies related to the cost and profit for commercial scale aquaponics (Bailey et al., 1997; Tokunaga et al., 2013; Bunyaviroch et al., 2013) , but these studies were conducted in tropical area and without the consideration of harsh winter weather like the mid-west U.S. The study conducted by Bailey et al. in 1997 was in the U.S. Virgin Islands, so neither greenhouse nor equipment designed to heat the greenhouse was considered in the analysis, and there were no supplemental lights, either. Besides, this study was not a complete TEA, and did not consider cost and profit on a base of a functional unit. The study conducted by Tokunaga et al. was in Hawaii and it concluded that the economic performance for commercial scale aquaponics had some potential, even though the potential might be not as promising as former studies suggested. The study conducted by Bunyaviroch et al. (2013) investigated a commercial case in Puerto Rico and indicated that aquaponics was viable there but the profitability was limited. Palm et al. conducted a study focusing on factors affecting economic sustainability of closed ebb flow aquaponics in Germany (Palm et al, 2014) . Based on a techno-economic study of aquaponics in South Africa, Lapere concluded that high capital and operating cost made it difficult to make profit (Lapere, 2010) ; however, the natural and economic environments are quite different in South Africa and in the mainland of U.S.
In 2013, Love et al. conducted a relatively comprehensive international survey on aquaponics production and profitability (Love et al., 2015) . It indicated that energy, water, and fish feed were the three major physical inputs in aquaponics. The sizes of aquaponics varied from tens to thousands of US gallon water volume according to different operating purpose. Small scale aquaponics could be operated in the backyard as hobby while commercial scale aquaponics was considered as agriculture which could make profit. It was reported that the average size of commercial aquaponics was using 10,300 L water and was occupying 0.01 ha field. Less than half operators also reported that they used supplemental light to help plant production. The survey also stated that electricity was the primary energy source for aquaponics.
Aquaponics is supposed to have large potential in development and expansion, and as reported by Love et al. in 2013 , even for commercial operators, 55% of them harvested less than 45 kg fish and 52% of them harvested less than 226 kg plants in the previous year. The survey also showed that more commercial aquaponics producers sold products through direct markets, such as at aquaponics facility, farm market, and restaurant, other than indirect markets, such as via grocery store and wholesale; which also indicated that aquaponics was still not a mature agriculture. The survey also showed that only 31% of operators made profits during the previous year, and many of them were not only selling fish and plants, but also selling aquaponics materials and services (Love et al., 2015) .
In our study, both Life cycle assessment (LCA) and Techno-economic analysis (TEA) of tilapia and basil
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Page 2 aquaponics were conducted. Three scales, including a truly running system on Iowa State University campus, pilot scale, and commercial scale of aquaponics were considered and analyzed. This study aimed to provide environmental impacts and profitability for operating aquaponics in the Midwest U.S.A.
Methodology
An Italian large leaf basil (Ocimum basilicum) and Nile tilapia (Oreochomis niloticus) aquaponic system was operated on Iowa State University (ISU) campus, which was located in the Forestry Greenhouse, Ames, Iowa. Ames is a city classified with humid continental climate, type Dfa (CDO, 2014). The average amount of annual precipitation is 837 mm (CDO, 2014) ; and the average low temperature in January is -11.3 o C, while the average high temperature in July is 29.1 o C (USCD, 2014). As a result, in order to keep plants and fish alive in the winter, as well as to make profit, ISU aquaponics had to be operated indoor.
There were five main components in our aquaponics: fish culture tank, where the fish stayed from fingerling until harvest; mechanical and biological biofilter, which transferred fish waste to nitrite and nitrate that could be used as fertilizer by plants; plant grow bed, where plants grew from two weeks after being sowed until harvest; sump tank with pump, where water from plant grow bed recirculated back to the fish tank; and air blower, which provided air to both fish and plant roots.
There were three independent systems in our greenhouse, which could be thought as replications during experiments. For each system, the rectangular fish culture tank was of 74-cm long, 50-cm wide, and 65-cm high.
Generally there would be 158 L water in the fish tank. Plastic mesh cover was used to prevent the escape of fish, and air stones were set inside the tank to provide enough oxygen. With the aeration provided by air stones, the maximum stock density of tilapia could reach up to 120 kg/m 3 (Rakocy, 1989) . Typically it took 6 to 7 month for tilapia to grow from hatchery to 450-680 g size which is ready to harvest (GAA, 2003) . The feed conversion ratio (FCR) for tilapia was between 1.6 and 2.0 (Rakocy, 2004) .
The dimension of the filter tank was of 56 cm long, 40 cm wide, and 35 cm high. The water in the filter tank was about 3 cm deep. About 200 of 3.81 cm pronged balls and 0.0283 m 3 PVC ribbon bio fills provide bacteria attached area. Solid filter pad was set above the bio balls and bio fills to pre-filter solid waste and materials. Once the system was set up and in balance, the bio balls and bio fills did not need to be specially treated, while the solid filter pad needed to be cleaned periodically to remove extra materials.
For the hydroponic unit, there were four plant trays in our system, and four age stages of plants were planted separately: the youngest ones needed the least nutrients, and were planted at the far end of the outflow from fish tank; while the oldest ones requiring most nutrients were planted at the near end of the outflow. The area of each tray was about 0.63 m 2 , and 16 basils were planted in a tray. Basil was sowed into the holes of starting plug sheets which were made from molten rocks and stayed in the sheets for two weeks. Then basils were transplanted into the rafts floating on the trays which were at the far end of the outflow from fish tank. Basils at the same age were then moved closer toward the near end of the outflow every week. After four weeks' growing in the grow beds, which equaled six weeks after being sowed, basils were ready to harvest.
The analysis was based on the assumption that the system was stable and run at ideal situation, which meant that there was no large-scale of fish or plant disease, and no extra fertilizer was required. Both TEA and LCA were directly conducted with the information from our ISU aquaponics. The ISU aquaponics was used as a baseline and then the results were scaled up to 10 and 300 times of the baseline. Based on the survey conducted by Love et al. (Love et al., 2014) , the water volumes varied from 3 to 600,000 gallon (about 11 to 2,271,247 L), and our 300 times of the baseline system had a water volume of 216,900 L, which was a reasonable commercialscale. For the baseline, most of the information of building materials and aquaponics equipment was the same with those we used in ISU aquaponics , and only a small part of them were substituted with alternative brands, but still with the same major character. All the facility and equipment information came from retail merchandise website.
System Boundary and Fractionation Flowchart
Since the study was based on the assumption that an existing aquaponics was running ideal, the system boundaries had to adapt to this purpose. In this study we only considered LCA and TEA within the two processes of fish culture and plant growing. The system boundary and flowchart were shown in Figure 1 , and the system characters were shown in Figure 2 .
Functional Unit
Both TEA and LCA were analyzed based on a functional unit of 1 kg tilapia and 1 kg basil. Total annual impact, and impact per kg tilapia and impact per kg basil were calculated. Since the price of basil varied and influenced the profit much more than the price of tilapia, the system unit profit was calculated only on the base of 1 kg basil.
Main Assumptions

Main assumptions for baseline (grow bed area 7.56 m 2 )
In the baseline, one greenhouse with the size of 26.76 m 2 was the facility to set up the aquaponics system. Three 50 gallon (189 L) fish tanks were used for fish culture, and the total grow bed area was 7.56 m 2 . The total water volume in the system was about 723 L.
Main assumptions for 10 times of baseline (grow bed area 75.6 m 2 )
In the 10 times of baseline, one greenhouse with the size of 140.47 m 2 was the facility to set up the aquaponics system. Three 500 gallon (1890 L) fish tanks were used for fish culture, and the total grow bed area was 75.60 m 2 . The total water volume in the system was about 7230 L.
Main assumptions for 300 times of baseline (grow bed area 2041.2 m 2 )
In the 300 times of baseline, three greenhouses with the size of 802.68 m 2 was the facility to set up the aquaponics system. Thirty 500 gallon (1890 L) fish tanks were used for fish culture, and the total grow bed area was 2041.20 m 2 . The total water volume in the system was about 216900 L.
Assumptions for LCA
(1) The environmental impacts we considered contain energy use and greenhouse gas emissions. Based on our aquaponics experience, electricity and natural gas were the two types of energy consumed; water was also a large input. The electricity loss during transportation was negligible. The three greenhouse gas emissions we considered were carbon dioxide, methane, and NOx.
(2) The electricity came from a coal-fired plant. The greenhouse gas emissions of producing electricity from coal and producing natural gas were shown in Table 1 (Spath et al., 1999; Riva et al., 2004) .
Assumptions for TEA
(1) Based on our operation, the weekly water loss was 10%.
(2) The effective volume of each fish tank was 84%, and the maximum fish biomass was 120 kg/m 3 .
(3) The surviving rate of fish from fingerlings to harvest was 90%, and the harvest cycle was 6 month.
(4) There were 16 basils in one tray and there were 12 trays in total for the baseline. 25% basils would be ready for harvest each week.
(5) Both fish and basil yield in the two larger scales were 10 times and 300 times of the baseline, respectively.
(6) The average wet weight of basil was 27.3 g/plant, and the basil price was considered at $10, $15, $20, $40, $60, $80, and $100/kg.
(7) The average weight of tilapia was 0.68 kg (1.5 lb) per fish, and fresh tilapia price was $ 9.00/kg (FishChoice, 2014).
(8) The fish feed conversion rate was 1.6.
(9) According to Ames municipal utilities, the winter for water and electricity started from Nov.1 and lasted till Jun 30, and the summer started from Jul 1 and lasted till Oct 30.The average electricity price was $0.10/ kWh; and the average water price was $0.02/ft 3 . (13) The required labor was 52 week/y for all three scales, and 10 h/week, 20 h/week, and 120 h/week for the baseline, 10 times of baseline, and 300 times of baseline, respectively.
(14) The hourly labor payment was $12/h.
(15) The yearly interest rate was 5.5%, insurance rate was 0.462% and tax rate was 0.35%.
(16) The yearly maintenance cost was 1% of total capital cost.
(17) Since the greenhouse was free shipping, the freight was 1% of the costs of all other initial equipment.
(18) Both the types and numbers of the equipment varied according to different scale sizes.
(19) For the 10 times of baseline and 300 times of baseline, the proportions of wood were less because 500 gallon tanks were supposed to set on the ground.
(20) Due to large amount of purchase, most prices of the items in the 10 times of baseline were 90% of that in Baseline; and 80% for the 300 times of baseline.
(21) No extra fertilizer was used.
(22) The depreciation and salvage value at the end of service life were assumed to be 0.
Results and Discussion
The LCA results showed that all of the annual total environmental impact categories increased as the scale expanded. The details were shown in Tables 2 and 3 , and Figures 3-5 and 9-11. For annual water use, which was shown in Figure 3 , the regression line was linear trend between water use and grow bed area. It was because of specific maximum fish biomass production in unit water volume. And this also was the reason that unit water use remained the same, which was shown in Figure 6 . In Figure 4 , 5, and 9-11, the annual environmental impacts and grow bed area could be regressed as both linear and exponential trend lines, and both those two type regressions had reasonable R 2 . In real aquaponics operation, the shaded region referred to the flexibility caused by different operation efficiency, such as the variance of fish feed nutrient, variance of plant growing time, variance of equipment performance, etc. The unit environmental impact categories decreased as the scale expanded, which were shown in Tables 4 and 5. The regression lines were shown power or logarithmic relationship between unit environmental impact categories and grow bed area, which were shown in Figures 7, 8, [12] [13] [14] For each scale, the annualized cost was considered including capital cost and operating cost, which were shown in Tables 6-11. As shown in Figure 15 , the annualized total cost increased as the scale expanded, and the relationship of annualized total cost and grow bed area could be regressed as both linear and exponential, and both those two type regressions had reasonable R 2 . Similar to LCA, the shaded region referred to the flexibility caused by different operation efficiency. The annualized unit cost was considered on the base of per kg tilapia and per kg basil, and the trend lines could be regressed as a power relationship between unit cost and grow bed area. The details of annualized total cost and unit cost for three scales were shown in Table 12 and Figures 15 and 16.
Since the price of basil varied a lot in different markets, both the annual total profit and system unit profit were influenced strongly by the price of basil. The basil price we considered were $10/kg, $15/kg, $20/kg, $40/kg, $60/kg, $80/kg, and $100/kg. When basil price was lower or equaled to $20/kg, none of the three scales could make positive profit; when basil price was $40/kg, only the 300 times of baseline could make positive profit; and when basil price was greater or equaled to $60/kg, both 10 times of baseline and 300 times of baseline could make positive profit. The details of the total annual profit and unit profit for three scales were shown in Tables 13  and 14 and Figures 17 and 18. There were some studies focusing on the cost and profit for commercial-scale aquaponics (Bailey et al, 1997; Tokunaga et al, 2013; Bunyaviroch et al., 2013) , but these studies were conducted in a tropical area and without the consideration of winter with low temperature like the Midwest U.S.A. Bunyaviroch et al. investigated a commercial aquaponics in Puerto Rico and concluded that aquaponics was viable there but the profitability was limited. Based on a techno-economic study of aquaponics in South Africa, Lapere indicated that high capital and operating cost made it difficult to make profit (Lapere, 2010) . The present work filled the data gap for aquaponics operating on U.S. mainland, and both supplement light and heating were included in our calculations. Compared to the tropical area, it was harder for small aquaponics operated in Midwest U.S.A. to make profit; and even for those commercial scales, the basil price was the most important indicator to predict whether aquaponics was profitable. Our work was also consistent with the investigation conducted by Love et al., which showed that only 31% of operators made profits during the year between 2012 and 2013 (Love et al., 2015) .
Based on our TEA, how to sell basil for a relatively high price was the key issue to profitability. It was an ideal option to sell basil via farmers market, or sell them to local restaurant, other than sell basil via wholesale. In general, the basil price sold via farmers market and local restaurant was much higher than via wholesale.
While our work focused on a tilapia-basil aquaponic system, more work needs to be done to explore aquaponics with other fish and plants. Besides, our model was based on the assumption that fish are raised in plastic tanks and plants grow using rafts. More work needs to be done to explore aquaponics using other system components.
For better understanding the Iowa State University aquaponics, more pictures could be found in Figures 19-24. 
Conclusions
Compared with previous work, the present study was the first LCA and TEA model for aquaponics operated in mainland in U.S.A., where the winter is cold and both supplement light and heating are required to maintain all year round operation.
Based on our LCA and TEA analyses, both unit environmental impacts and unit cost of tilapia-basil aquaponic system decreased as the operation scale expanded. This study provided useful information for basil and tilapia aquaponics at different scales. The results indicated that when the scale was large enough, such as with the grow bed area of 75.6 m 2 , aquaponic prediction was profitable when the basil price equaled to or was great than $60/kg. More work is required to conduct LCA and TEA for other types of aquaponics in the future. 
